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  13 
This study investigates abundance variations in Noelaerhabdaceae assemblages during the 14 
late Oligocene-early Miocene at three subtropical sites in the Atlantic and Pacific oceans 15 
(DSDP Sites 516, 608 and 588). At these three sites, nannofossil assemblages were 16 
characterized by the successive high proportion of Cyclicargolithus, Dictyococcites and 17 
Reticulofenestra. Local paleoceanographic changes, such as the input of nutrient-poor water 18 
masses, might explain shifts in ecological prominence within the Noelaerhabdaceae at DSDP 19 
Site 516 (South Atlantic). But the similar timing of a decline in Cyclicargolithus at the three 20 
studied sites more likely corresponds to a global process. Here, we explore possible causes for 21 
this long-term taxonomic turnover. A global change in climate, associated with early Miocene 22 
glaciations, could have triggered a decline in fitness of the taxon Cyclicargolithus. The 23 
ecological niche made vacant because of the decrease in Cyclicargolithus could then have 24 
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been exploited by Dictyococcites and Reticulofenestra that became prominent in the 25 
assemblages after 20.5 Ma. Alternatively, this global turnover might reflect a gradual 26 
evolutionary succession and be the result of other selection pressures, such as increased 27 
competition between Cyclicargolithus and Dictyococcites/Reticulofenestra. A diversification 28 
within Dictyococcites/Reticulofenestra, indicated by an expansion in the size variation within 29 
this group since ~20.5 Ma, may have contributed to the decreased fitness of Cyclicargolithus. 30 
 31 
Keywords: Noelaerhabdaceae; Cyclicargolithus decline; late Oligocene; early Miocene; 32 
climate; evolution.  33 
 34 
1. Introduction 35 
 36 
The Noelaerhabdaceae are a family of coccolithophores dominant in most Neogene 37 
calcareous nannofossil assemblages and includes the two most prominent modern 38 
coccolithophores and alkenone producers, namely Emiliania huxleyi and Gephyrocapsa 39 
oceanica, known to produce extensive blooms in today’s oceans. Those large scale blooms 40 
have important implications for the global carbon cycle through processes of photosynthesis, 41 
calcification and respiration (Rost and Riebesell, 2004). During the Pleistocene, distinct 42 
intervals of dominance are recorded within the gephyrocapsids (e.g., Matsuoka and Okada, 43 
1990; Bollmann et al., 1998; Flores and Marino, 2002; Flores et al., 2003; Baumann and 44 
Freitag, 2004; Barker et al., 2006) while E. huxleyi rose to global dominance ~270 thousand 45 
years ago (Thierstein et al., 1977). The cosmopolitan distribution of the Noelaerhabdaceae 46 
family, which is believed to represent the main lineage of ancient alkenone producers 47 
(Marlowe et al., 1990), was sustained throughout most of the Cenozoic. However, our 48 
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knowledge about the ecological preference or assemblage dynamics of the Oligocene and 49 
Miocene representatives of the Noelaerhabdaceae is relatively poor (Haq, 1980; Rio et al., 50 
1990, Young, 1990; Kameo and Sato, 2000). 51 
 Several studies have shown that the late Oligocene-early Miocene period is marked by an 52 
important turnover of calcareous nannofossils, with first and last occurrences that are of 53 
biostratigraphic interest (Olafsson, 1989; Pujos, 1985; Young, 1998). For example, the early 54 
definition of the Oligocene-Miocene boundary relied on the last occurrence of Dictyococcites 55 
bisectus (Reticulofenestra bisecta of some authors; Berggren et al., 1985). However, only a 56 
few studies have estimated absolute abundances of the different genera of Noelaerhabdaceae 57 
during this period (e.g., Olafsson, 1989; Henderiks and Pagani, 2007; Plancq et al., 2012) and 58 
the paleoecological affinities of most species are still poorly known. The late Oligocene to 59 
early Miocene was a period of relative global warmth interrupted by large, transient Antarctic 60 
glaciations (named “Oi-2” and “Mi-1” events) as attested by significant oxygen isotopic 61 
(δ18O) increases (0.50 to >1.0 ‰) in benthic foraminiferal records (e.g., Miller et al., 1991, 62 
1996; Zachos et al., 2001a,b; Billups et al., 2002). The opening and deepening of the Drake 63 
Passage and the subsequent intensification of the Antarctic Circumpolar Current (ACC) may 64 
have been coincident with the Oligocene-Miocene boundary and are believed to constitute 65 
important events in the Antarctic ice sheet expansion (e.g., Barker and Thomas, 2004; von der 66 
Heydt and Dijkstra, 2006), although the timing of this opening and causes of the inception of 67 
the glacial history of Antarctica are still being debated (Scher and Martin, 2006; Livermore et 68 
al., 2007; Cramer et al, 2009). The paleoceanographic changes associated with these cooling 69 
events could have influenced the composition of the nannofossil assemblages, which are 70 
largely controlled by variations in the temperature and nutrient characteristics of the upper 71 
water column (e.g., McIntyre and Bé, 1967; Okada and Honjo, 1973; Winter and Siesser, 72 
1994).  73 
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In the present study, we investigate the relative and absolute abundances of three 74 
Noelaerhabdaceae genera - Cyclicargolithus, Reticulofenestra and Dictyococcites - in 75 
sediments from three Deep Sea Drilling Project (DSDP) sites covering the late Oligocene-76 
early Miocene. These three sites are located in the North and South Atlantic and South-West 77 
Pacific, in areas corresponding to subtropical gyres. Results highlight similar variations in 78 
Noelaerhabdaceae assemblages at all studied sites, with an apparent global decline in 79 
Cyclicargolithus, a dominant species in Oligocene sediments, at ~20.5 million years ago 80 
(Ma). This overall turnover cannot be explained by local paleoceanographic changes alone, 81 
and suggests the influence of global abiotic and/or biotic selection pressures.  82 
 83 
2. Material and methods 84 
 85 
2.1. Studied sites and sampling strategy 86 
The investigated time interval spans the latest Oligocene and the early Miocene, including 87 
nannofossil zones NP25-NN4 (Martini, 1971) (~25-16 Ma; Gradstein et al., 2012). Deep Sea 88 
Drilling Project (DSDP) Sites 516, 608 and 588 located in South Atlantic, North Atlantic and 89 
South-West Pacific respectively (Fig. 1), were selected for their continuous sedimentation and 90 
good nannofossil preservation (e.g., Barker et al., 1983; Lohman, 1986; Takayama and Sato, 91 
1987; Plancq et al., 2012).  92 
DSDP Leg 94 Site 608 (42°50N; 23°05W) is located on the eastern side of the North Atlantic 93 
Ridge on the southern flank of the King’s Trough tectonic complex, at 3526 m water depth in 94 
the temperate subtropical North Atlantic gyre (Ruddiman et al., 1987). During the Miocene, 95 
Site 608 was at ca. 43°N (Wright et al., 1992) and nannofossil-foraminifera ooze deposition 96 
prevailed. Twenty-four samples were selected for this study, covering the nannofossil zones 97 
NN1-NN4 (Takayama and Sato, 1987).  98 
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DSDP Leg 90 Site 588 (26°06S; 161°E) was drilled on the Lord Howe Rise at 1533 m water 99 
depth in the South-West Pacific Ocean (Kennett et al., 1986). During the Miocene, this site 100 
was located at ca. 32.5°S (Wright et al., 1992), within a subtropical oligotrophic regime 101 
providing a steady nannofossil-foraminifera chalk sedimentation and upper water column 102 
stability (Flower and Kennett, 1993). Twenty-six samples were selected, across the 103 
nannofossil zones NP25-NN3 (Lohman, 1986).  104 
DSDP Leg 72 Site 516 (30°16S; 35°17W) is located on the upper flanks of the Rio Grande 105 
Rise at 1313 m water depth in the South Atlantic subtropical gyre (Belkin and Gordon, 1996). 106 
This gyre has been located at the same latitude since the early Miocene (Barker et al., 1983). 107 
Sediments are primarily composed of nannofossil-foraminifera and nannofossil oozes. The 108 
thirty-six samples used for the present study are the same as those studied by Plancq et al. 109 
(2012), and cover nannofossil the zones NP25-NN4 (Barker et al., 1983). 110 
Ages between each nannofossil zone refer to the latest geological timescale (Gradstein et al., 111 
2012).  112 
 113 
2.2. Micropaleontological analyses 114 
Slides for calcareous nannofossil quantitative analysis were prepared following the random 115 
settling method (Beaufort, 1991; modified by Geisen et al., 1999). A small amount of dried 116 
sediment powder (5 mg) was mixed with water (with basic pH, over-saturated with respect to 117 
calcium carbonate) and the homogenized suspension was allowed to settle for 24 hours onto a 118 
cover slide. The slide was dried and mounted on a microscope slide with Rhodopass. 119 
Coccolith quantification was performed using a polarizing optical ZEISS microscope 120 
(magnification 1000x). A standard number of 500 calcareous nannofossils (coccoliths and 121 
nannoliths) were counted in a variable number of fields of views (between 10 and 30 122 
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according to the richness of the sample). Each slide was counted twice and the reproducibility 123 
achieved was high (coefficient of variation: 10%). 124 
Absolute abundance of nannofossils per gram of sediment was calculated using the 125 
formula:  126 
X = (N.V)/(M.A.H)                                                                         (1) 127 
where X is the number of calcareous nannofossils per gram of sediment; N the number of 128 
nannofossils counted in each sample; V the volume of water used for the dilution in the 129 
settling device (cm
3
); M the weight of powder used for the suspension (g); A the surface 130 
considered for nannofossil counting (cm
2
); H the height of the water over the cover slide in 131 
the settling device (2.1 cm). Relative abundances (percentages) of nannofossil genera were 132 
also calculated from the total nannofossil content. 133 
The calculation of fluxes permits to overcome the effects of a variable sedimentary dilution 134 
and to compare data from different intervals in a time-series. The formula introduced by 135 
Davies et al. (1995) was used to calculate the mass accumulation rates (MAR): 136 
MAR = T. [BD-(P.W)]          (2) 137 
where MAR is the mass accumulation rate (g/m
2
/yr), T the sedimentation rate (m/yr), BD the 138 
wet bulk density (g/m
3
), P the porosity (weight percent) and W the seawater density (1.025 139 
g/cm
3
). 140 
Fluxes of nannofossils (specimens/m
2
/yr) were then obtained by multiplying the MAR with 141 
nannofossil abundances (specimens/g sediment).   142 
Scanning electron microscope (SEM) images were taken using a field emission electron 143 
microscope Zeiss Supra35VP, equipped with detectors for secondary and back-scattered 144 
electrons. 145 
 146 
3. Taxonomy used for the Noelaerhabdaceae  147 
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 148 
The taxonomy used to distinguish the different species within the Noelaerhabdaceae is 149 
somewhat arbitrary, since it is primarily based on the coccolith size (Young, 1998). The 150 
differentiation at the genus level of the three genera of the Noelaerhabdaceae 151 
(Reticulofenestra, Dictyococcites and Cyclicargolithus) is also subject to discussion. 152 
Dictyococcites is often considered as a junior synonym of Reticulofenestra and the two genera 153 
are grouped either as reticulofenestrids (e.g., Henderiks and Pagani, 2007; Henderiks, 2008) 154 
or more simply as Reticulofenestra (e.g., Young, 1998; Bolton et al., 2010). Nevertheless, 155 
Cyclicargolithus represents a very characteristic genus easily distinguishable from other 156 
reticulofenestrids due to its distinct shape (see Plate 1). In the present study, Dictyococcites, 157 
Reticulofenestra and Cyclicargolithus were distinguished on the basis of distinctive 158 
morphological features (see taxonomic remarks), and abundance variations are presented at 159 
the genus level to establish the broad-scale patterns and facilitate a first-order comparison 160 
between the investigated sites. Relative variations in size-defined morphospecies (see 161 
taxonomic remarks), as well as previously published biometric datasets on Reticulofenestra, 162 
Dictyococcites and Cyclicargolithus (Henderiks and Pagani, 2007; Plancq et al., 2012) at Site 163 
516, further confirm our hypotheses of the long-term turnover within this prominent fossil 164 
group.  165 
 166 
4. Results 167 
 168 
Mean absolute abundances of nannofossils at DSDP Sites 608, 516 and 588 are of the same 169 
order of magnitude (4.2x10
9
, 5.0x10
9
 and 5.4x10
9
 nannofossils/g of sediment, respectively), 170 
and do not show any significant stratigraphic trend across the late Oligocene-early Miocene 171 
(data not shown). Delicate coccoliths that are prone to dissolution, such as Syracosphaera and 172 
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Pontosphaera, although rare are observed with pristine structures in the samples investigated 173 
by light microscopy, indicating a good state of preservation of coccoliths at the three sites. 174 
Preservation of small coccoliths is also good, and coccospheres are commonly recorded (Plate 175 
1). Observed coccolith assemblages are systematically dominated by four genera, which 176 
together account for more than 80% of the total nannofossil assemblage: Reticulofenestra, 177 
Dictyococcites, Cyclicargolithus (all belonging to the Noelaerhabdaceae), and Coccolithus 178 
(Figs. 2 and 3). These taxonomic groups are present throughout the investigated time interval. 179 
The same morphospecies occur at all three sites. In particular, C. floridanus, R. 180 
pseudoumbilicus, R. minutula, R. haqii, R. minuta, D. antarcticus, D. hesslandii and 181 
Dictyococcites smaller than 3 µm constitute on average more than 80% of the total 182 
nannofossil assemblage. Light microscopy and scanning electron microscopy (Plate 1) attest 183 
for a good preservation of Noelaerhabdaceae coccoliths.  184 
Remarkably, for each genus of the Noelaerhabdaceae, relative abundances and fluxes show 185 
comparable temporal and quantitative variations at all sites (Figs. 2 and S1). Cyclicargolithus 186 
represents on average 27% of the total nannofossil assemblage before ~20.5 Ma (NP25-NN2) 187 
whereas it shows a sharp decrease in abundance (7% of the total nannofossil assemblage) 188 
after ~20.5 Ma (NN2-NN4). Dictyococcites shows significant quantitative variations 189 
throughout the studied time interval. Two peaks of maximum abundances are observed 190 
around 23 Ma (NN1) and between 20.5 and 18.5 Ma (36% of the total nannofossil 191 
assemblage; NN2-NN3). These variations are less obvious at Site 608, where no maximum is 192 
observed around 23 Ma, likely due to a lower resolution sampling during this period (Fig. 2). 193 
Finally, Reticulofenestra represents ca. 12% of the total nannofossil assemblage before ~20.5 194 
Ma (NP25-NN2) but shows a progressive increase in abundance thereafter (29.5%), reaching 195 
more than 30% of the total nannofossil assemblage around 18 Ma (NN3).  196 
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Unlike Noelaerhabdaceae, abundances of Coccolithus, Helicosphaera and of the nannoliths 197 
Sphenolithus and Discoaster show distinct variations between the Atlantic and the Pacific 198 
oceans (Fig. 3). At both Atlantic sites, Coccolithus abundance is relatively constant (ca. 199 
14.6% and 25% of the total nannofossil assemblage, for Sites 516 and 608, respectively) but 200 
shows a peak in abundance (36.5% for Site 516 and 46.6% for Site 608) between 20.5 and 18 201 
Ma (NN2-NN3). The abundance of Sphenolithus is also relatively constant throughout the 202 
studied time interval (2% for Site 516; 8% for Site 608), and only shows a peak at ca. 18-17 203 
Ma (NN3-NN4). This peak is less prominent at Site 516 (9.6%) than at Site 608 (21%). In the 204 
South-West Pacific (Site 588), Coccolithus is present in smaller proportions (10%) compared 205 
to both Atlantic sites (Fig. 3). Two small peaks of Coccolithus are observed within the 206 
nannofossil zone NN2 (17.8% and 20.7%) while the abundance of Sphenolithus shows no 207 
clear stratigraphic trend. The abundance of Discoaster is relatively constant throughout the 208 
studied time interval (5%), and only shows a peak (26%) at ca. 18 Ma at DSDP Site 608 209 
(NN3). Helicosphaera shows low abundances (1.4%) and no peculiar stratigraphic trend (Fig. 210 
3). 211 
When considering relative abundances of different morphospecies within the 212 
Noelaerhabdaceae (Fig. 4), which together represent on average more than 80% of the total 213 
nannofossil assemblage, a distinct pattern of succession of prominent taxa is revealed. 214 
Namely, Cyclicargolithus floridanus (which is dominant with respect to C. abisectus showing 215 
average relative abundances < 2%) is very abundant in the three studied sites before ~20.5 Ma 216 
(NP25-NN2), with relative abundance fluctuations around 30%. It then fluctuates but shows 217 
generally values below 10%. Reticulofenestra minuta and Dictyococcites spp. (smaller than 3 218 
µm) also show some of the highest values of relative abundance in the interval between 23 219 
and 20.5 Ma (NN1-NN2), although a slightly different pattern is observed at the three sites. 220 
Between 20.5 and ~18 Ma (NN2-NN3), the morphospecies of intermediate size, namely R. 221 
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minutula and D. hesslandii did emerge as well as D. antarcticus. Finally, after 18 Ma (NN3-222 
NN4), the larger morphospecies R. pseudoumbilicus (> 5 µm) shows abundance peaks up to 223 
30% of the Noelaerhabdaceae. 224 
The assemblage data for Site 516 are in agreement with those reported by Henderiks and 225 
Pagani (2007), although the apparent timing in assemblage shifts is slightly different due to 226 
different sample spacing in the two studies. The biometric data of Henderiks and Pagani 227 
(2007) and Plancq et al. (2012) for DSDP Site 516 show an increase in size in the 228 
reticulofenestrids that is in agreement with the morphospecies shifts we observe here at the 229 
three sites.     230 
 231 
5. Discussion 232 
 233 
Similar variations in Noelaerhabdaceae abundances are observed during the late 234 
Oligocene-early Miocene in the South and North Atlantic, and in the South-West Pacific 235 
(DSDP Sites 516, 608 and 588, respectively). At the three sites, nannofossil assemblages are 236 
successively characterized by high abundances of Cyclicargolithus before ~20.5 Ma, 237 
Dictyococcites between 20.5 and 18 Ma, and Reticulofenestra afterwards (Fig. 4). Within 238 
each genus, the number of morphospecies and their relative abundances varied over time and, 239 
to a lesser extent, between regions. Results are first discussed at genus level, then different-240 
sized morphospecies changes are considered. 241 
5.1.  Changes in local paleoceanography and in calcareous nannofossil assemblages 242 
The abundance changes within the Noelaerhabdaceae may represent distinct ecological 243 
responses of the different genera and species to local paleoceanographic changes. Although 244 
ecological preferences of Neogene nannofossils are poorly understood especially for the 245 
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Miocene, some hypotheses have been developed on the grounds of distribution patterns and 246 
statistical analyses (e.g., Wei and Wise, 1990; Kameo and Sato, 2000; Monechi et al., 2000). 247 
Henderiks and Pagani (2007) already discussed shifts in nannofossil assemblages at DSDP 248 
Site 516 (Southern Atlantic) in response to paleoceanographic changes inferred from oxygen 249 
isotopic (δ18O) values of foraminiferal tests and carbon isotopic (δ13C) compositions of 250 
diunsaturated C37 alkenones (Pagani et al., 2000). The influx of warm, low-nutrient surface 251 
waters from low latitudes may explain the decrease in Cyclicargolithus abundance between 252 
~21 and 20.5 Ma. This is consistent with the inferred ecological preference of this taxon, 253 
which was apparently more abundant in mid paleo-latitudes (e.g., Wei and Wise, 1990) and 254 
showed affinities for high-nutrient conditions (Monechi et al., 2000).  255 
At ~20.3 Ma, an increased productivity of Coccolithus, and the subsequent prominence of 256 
Dictyococcites (Figs. 2 and 3) may indicate the input of cold, nutrient-rich waters. An increase 257 
in abundance of the genus Dictyococcites supports the presence of cold-water masses (Haq, 258 
1980; Pujos, 1985; Kameo and Sato, 2000) during that time. Coccolithus is documented to 259 
thrive at mid- and high-latitudes in both modern and ancient settings (Wei and Wise, 1990; 260 
Wells and Okada, 1997; Cachão and Moita, 2000). This input of cold water has been 261 
interpreted as a consequence of the opening of the Drake Passage to deeper-water, resulting in 262 
an intensification of the Antarctic Circumpolar Current (ACC) and in a northward progression 263 
of the Polar Frontal Zone (PFZ) (Barker and Burrell, 1977; Pagani et al., 2000). However, the 264 
opening of the Drake Passage and a rapid deepening of the ACC may have occurred much 265 
earlier in the late Eocene, at about 39-37 Ma (Scher and Martin, 2006; Livermore et al., 2007; 266 
Cramer et al., 2009). In addition, Lagabrielle et al. (2009) have suggested a short-term closure 267 
of the Drake Passage in the late Oligocene.   268 
Following the cooling event, a re-establishment of surface water stratification (with 269 
warmer waters) then induced the decline of Dictyococcites coupled to an increase of 270 
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Reticulofenestra and Sphenolithus (Figs. 2 and 3) after 19.5 Ma. Reticulofenestra spp. were 271 
more abundant at mid-to-high paleo-latitudes and were likely characteristic of mesotrophic, 272 
temperate water masses, while Sphenolithus appears to have been characteristic of 273 
warm/oligotrophic paleo-environments (e.g., Wei and Wise, 1990; Persico and Villa, 2004; 274 
Villa et al., 2008). 275 
Noelaerhabdaceae assemblage shifts observed in the North Atlantic (DSDP Site 608) and 276 
the South-West Pacific (DSDP Site 588) are remarkably similar to those observed at Site 516, 277 
with a prominent decrease in C. floridanus proportions occurring at ~20 Ma and the parallel 278 
increase in some medium- and large-size reticulofenestrids (Fig. 4). However, DSDP Site 608 279 
is located at mid-latitudes in the Northern Hemisphere, in a paleoceanographic setting far-280 
removed from the ACC and from the PFZ, and paleoceanographic conditions at the Pacific 281 
Site 588 should have been particularly different from the two Atlantic sites during the studied 282 
time interval as suggested by the different trends observed in Coccolithus and Sphenolithus 283 
abundances (Fig. 3). Thus, the Noelaerhabdaceae variation pattern observed at the three sites 284 
cannot be explained by regional paleoceanographic changes alone. 285 
5.2.  Changes in climate and in calcareous nannofossil assemblages 286 
The decline of Cyclicargolithus around 20.5 Ma (Figs. 2 and 4) may correspond to a more 287 
global feature. The successive dominance of Cyclicargolithus, Dictyococcites and 288 
Reticulofenestra may represent a passive ecological replacement in communities in response 289 
to a global shift in climate during the late Oligocene-early Miocene. The major decline of 290 
Cyclicargolithus would have allowed the expansion (and possibly diversification, see below) 291 
of Dictyococcites/Reticulofenestra into its vacant ecological niche, explaining the dominance 292 
of these species from 20.5 Ma onwards (Figs. 2 and 4).  293 
In the Atlantic Ocean, Haq (1980) first observed a decrease in Cyclicargolithus assemblage 294 
between 22.5 and 18 Ma (within the NN2) and an increase in Reticulofenestra 295 
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pseudoumbilicus-R. haqii assemblage after 18 Ma. He suggested that this change in 296 
nannofossil assemblages might result from changes in thermal structure of water masses and 297 
steepening of latitudinal and vertical thermal gradients. Several Antarctic glaciations, called 298 
“Oi-2” and “Mi-1” events, occurred during the late Oligocene to early Miocene period as 299 
attested by excursions in δ18O values of benthic foraminifers (e.g., Miller et al., 1991; Wright 300 
and Miller, 1992). Interestingly, and despite the limited temporal resolution of the present 301 
study, the onset of the decline of Cyclicargolithus may have coincided with Mi-1a and Mi-1aa 302 
glacial events that occurred at about 21.3 and 20.2 Ma respectively (as shown by a ~0.5 ‰ 303 
increase in δ18O values of benthic foraminifers; Wright and Miller, 1992; Paul et al., 2000; 304 
Billups et al., 2002; Pekar and DeConto, 2006). The onset of such events could have changed 305 
the oceanic circulation and surface water characteristics influencing the ecology and thus 306 
composition of the nannofossil assemblages. For example, at DSDP Site 516, Pagani et al. 307 
(2000) hypothesized that the Mi-1a event led to an intensification of gyre circulation in South 308 
Atlantic and thus to a higher influx of warm, low-nutrient waters from lower latitudes, which 309 
may have triggered the decline of Cyclicargolithus observed at this site. The Mi-1a event is 310 
recorded in δ18O data at DSDP Sites 608 and 588 (Kennett, 1985; Woodruff and Savin, 1989; 311 
Wright et al., 1992; Norris et al., 1994), but evidence is lacking for a global change in oceanic 312 
circulation that could have affected the paleoceanography of the North Atlantic and South-313 
West Pacific in similar ways. Specific orbital configuration (high-amplitude variability in 314 
obliquity) coupled to variability in atmospheric carbon dioxide may explain the onset of Mi-1 315 
events (e.g. Zachos et al., 2001b; Pälike et al., 2006). For example, the Mi-1a event may have 316 
accounted for a ~50 ppmv decrease in partial pressure of atmospheric carbon dioxide (pCO2) 317 
as recorded in the 
13
C content of alkenones at DSDP Sites 516, 588 and 608 (Pagani et al., 318 
1999, 2000) and, at a more global scale, by stomatal frequency data (stomatal index) from 319 
multiple tree species (Kürschner et al., 2008). Atmospheric CO2 is believed to have a strong 320 
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influence on the long-term climate evolution. Nevertheless, considering the error propagation 321 
of the available proxies, atmospheric CO2 concentrations are actually surprisingly stable 322 
during the Miocene and it seems difficult to relate a global shift in climate with an apparent 323 
small fluctuation in pCO2 (Pagani et al., 1999, 2000). This issue remains puzzling and debated 324 
in light of the climatic and ecological events that occurred during the Miocene (e.g., Pagani, 325 
2002; Pagani et al., 2009; LaRiviere et al., 2012). 326 
Supplementary evidence is thus needed to support the hypothesis that the global turnover in 327 
Noelaerhabdaceae assemblages is linked to a global climatic change (variations in oceanic 328 
circulation and/or influence of atmospheric pCO2). 329 
5.3. Changes within the Noelaerhabdaceae 330 
Alternatively, the successive dominance of Cyclicargolithus, Dictyococcites and 331 
Reticulofenestra could be the result of other selection pressures within the phytoplankton 332 
communities. The Oligocene-Miocene transition is characterized by an important turnover in 333 
nannofossils assemblages, notably within the Noelaerhabdaceae with the last occurrence of 334 
Reticulofenestra bisecta (Okada and Bukry, 1980; Berggren et al., 1985; Young, 1998). 335 
Climatic perturbations could have sped up the race for being the fittest species and the steady 336 
increase in abundance of Dictyococcites/Reticulofenestra might be the effect of an active 337 
competition between the two groups (Cyclicargolithus, mainly C. floridanus, and 338 
Dictyococcites/Reticulofenestra), rather than a passive exploitation by these species of the 339 
ecological niche made vacant because of the decrease of Cyclicargolithus. Biometry data 340 
suggest a distinct diversification in Dictyococcites/Reticulofenestra after 20.5 Ma at Site 516 341 
(Henderiks and Pagani, 2007; Plancq et al., 2012). The present results show that, in the three 342 
studied sites after 20.5 Ma, there is an increase in the relative abundance of morphospecies of 343 
intermediate and large size that mirrors the decline in C. floridanus (Fig. 4). This increase in 344 
abundance of large morphospecies of Dictyococcites/Reticulofenestra that became more 345 
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prominent with time may correspond to cryptic speciation within the group: minor size 346 
differences can characterize cryptic species in modern coccolithophores (for a synthesis, see 347 
Geisen et al., 2004). Interestingly, similar successions in species dominance have been 348 
observed for younger members of the Noelaerhabdaceae family, in particular within the 349 
Gephyrocapsa complex during the Quaternary, whose biometric changes have been 350 
interpreted in terms of evolutionary adaptation for lack of a clear linkage to concurrent 351 
changes in climate and/or preservation (e.g., Matsuoka and Okada, 1989; 1990; Bollmann et 352 
al., 1998). A diversification in Dictyococcites/Reticulofenestra may have induced the steady 353 
decline (occurring over ~1 Ma; Fig. 4) of Cyclicargolithus floridanus, although this taxon 354 
maintained competitive populations until its extinction occurring 8 Myr later (last occurrence 355 
at 11.85 Ma; Gradstein et al., 2012).  356 
 357 
6. Conclusion 358 
 359 
Similar relative and absolute abundance variations in Noelaerhabdaceae assemblages are 360 
observed during the late Oligocene-early Miocene in subtropical regions of the Atlantic and 361 
Pacific oceans, with the successive prominence of Cyclicargolithus floridanus, Dictyococcites 362 
antarcticus/D. hesslandii, and Reticulofenestra minutula /R. pseudoumbilicus. We explored 363 
the paleoenvironmental factors that may have triggered the observed assemblage turnover, in 364 
spite of a poor knowledge of the ecological preferences of the Oligocene-Miocene 365 
species/genera and of the rather arbitrary, size-defined taxonomy of the Noelaerhabdaceae 366 
family. The decline of Cyclicargolithus recorded at the three studied sites may correspond to a 367 
global climatic shift (variations in oceanic circulation or influence and/or atmospheric pCO2) 368 
eventually coupled to variations in local paleoceanographic conditions. The subsequent 369 
dominance of Dictyococcites and Reticulofenestra in assemblages after ~20.5 Ma is paired 370 
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with a diversification in coccolith sizes, and may be the result of an evolutionary process such 371 
as competition between the two groups (Cyclicargolithus and 372 
Dictyococcites/Reticulofenestra). The present study confirms that changes in nannofossil 373 
assemblages are a good proxy for the reconstruction of global evolutionary patterns that may 374 
be related to paleoenvironmental changes. However, morphospecies biometry and 375 
paleoceanographic studies at higher temporal resolution, depicting both paleoecological and 376 
evolutionary patterns, will be needed to reinforce the presented hypotheses for the global 377 
shifts in Noelaerhabdaceae assemblages.  378 
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 592 
Appendix A. Taxonomic remarks 593 
Taxonomy used in the present work follows haptophyte phylogeny as revised by Young 594 
and Bown (1997), Young et al. (2003) and Jordan et al. (2004). 595 
 596 
A1. Family Noelaerhabdaceae Jerkovic 1970 emend. Young & Bown 1997 597 
This is the dominant family in most Neogene assemblages, and includes the extant genera 598 
Emiliania and Gephyrocapsa.  599 
 600 
A1.1. Genus Reticulofenestra Hay, Mohler and Wade 1966 601 
Elliptical to sub-circular reticulofenestrids with a prominent open central area, and with no 602 
slits in the distal shield. The rather simple morphology of Reticulofenestra makes subdivision 603 
into species notoriously problematic. The conventional taxonomy is primarily based on size. 604 
This is unsatisfactory and arbitrary, but of stratigraphic value (Backman, 1980; Young, 1990). 605 
In this study, a subdivision of four species based on size and central area opening size was 606 
employed during the assemblage counts: 607 
Reticulofenestra haqii Backman 1978: morphospecies 3-5 µm in length, with a central 608 
opening shorter than 1.5 µm. 609 
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Reticulofenestra minuta Roth 1970: morphospecies smaller than 3 µm. 610 
Reticulofenestra minutula (Gartner 1967) Haq and Berggren 1978: morphospecies 3-5 µm in 611 
length with a central opening longer than 1.5 µm. 612 
Reticulofenestra pseudoumbilicus (Gartner 1967) Gartner 1969: larger morphospecies (> 5-7 613 
µm). 614 
 615 
A1.2. Genus Dictyococcites (Black 1967) emend. Backman 1980 616 
Elliptical reticulofenestrids with a large central area closed (or virtually closed) in line with 617 
the distal shield. The central area of the distal shield frequently shows a median furrow or a 618 
minute pore, but not large enough to suggest that they belong to Reticulofenestra. Although 619 
Dictyococcites sensu Black (1967) can be regarded as a heavily calcified, junior synonym of 620 
Reticulofenestra, the emended diagnosis of Backman (1980) allows consistent separation of 621 
this genus from Reticulofenestra.  622 
Dictyococcites sp.: small morphospecies (< 3 μm) with a closed central area. 623 
Dictyococcites antarcticus Haq 1976: in contrast with D. hesslandii, the specimens of D. 624 
antarcticus (4-8 μm) show no pore but a narrow and elongated rectangular central area 625 
(named "furrow" in Haq, 1976 and "straight band" in Backman, 1980). The straight extinction 626 
band along the major axis occupies at least one half of the total length of the elliptical central 627 
area (Backman, 1980).  628 
Dictyococcites hesslandii (Haq 1966) Haq and Lohmann 1976: the central area of the distal 629 
shield exhibits a small pore, from which extinction bands radiate (3-8 µm). 630 
 631 
A1.3. Genus Cyclicargolithus Bukry 1971 632 
Circular to sub-circular reticulofenestrids with a small central area and high tube-cycles. 633 
Although Theodoridis (1984) regarded Cyclicargolithus as a junior synonym of 634 
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Reticulofenestra, the diagnosis of Bukry (1971) allows consistent separation of this genus 635 
from Reticulofenestra. 636 
Cyclicargolithus abisectus (Müller 1970) Wise 1973: large species (>10 µm). 637 
Cyclicargolithus floridanus (Roth and Hay in Hay et al., 1967) Bukry 1971: species smaller 638 
than 10 µm.  639 
 640 
A2. Other coccoliths recorded in this study  641 
Calcidiscus leptoporus (Murray and Blackman 1898) Loeblich and Tappan 1978 642 
Coccolithus miopelagicus Bukry 1971 643 
Coccolithus pelagicus (Wallich 1877) Schiller 1930 644 
Helicosphaera spp. Kamptner 1954 645 
Pontosphaera spp. Lohmann 1902 646 
Syracosphaera pulchra Lohmann 1902 647 
Umbilicosphaera spp. Lohmann 1902 648 
 649 
A3. Nannoliths  650 
Discoaster spp. Tan 1927 651 
Sphenolithus spp. Deflandre in Grassé 1952 652 
 653 
Figure captions 654 
 655 
Figure 1. Location of the studied DSDP Sites 608, 516 and 588.  656 
 657 
Figure 2. Relative abundances (%) of the Noelaerhabdaceae genera (Cyclicargolithus, 658 
Dictyococcites and Reticulofenestra) during the late Oligocene-early Miocene at the three 659 
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studied sites. Data is plotted against depth in core (mbsf: meters below sea floor) and the 660 
nannofossil zonation of Martini (1971), calibrated to the timescale of Gradstein et al. (2012). 661 
Note that positions (in dashed lines) of the zonal boundaries between NN2-NN3 and NN1-662 
NN2 are uncertain at Site 608 and Site 588, respectively. For the three studied sites, the 663 
decline of Cyclicargolithus occurred at about 20.5 Ma (position estimated based on the 664 
nannofossil zonation). LO: Late Oligocene. 665 
Figure 3. Relative abundances (%) of Coccolithus, Helicosphaera and of the nannoliths 666 
Sphenolithus and Discoaster at DSDP Sites 516, 608 and 588 during the late Oligocene-early 667 
Miocene. LO: Late Oligocene; Mbsf: meters below sea floor. Nannofossil zonation as 668 
described in Fig. 2. 669 
 670 
Figure 4. Relative abundances (%) of the different species within the Noelaerhabdaceae at 671 
DSDP Sites 516, 608 and 588 during the late Oligocene-early Miocene. Gray colors indicate 672 
different time intervals in which, although small differences are observed between the three 673 
sites, similar changes in the relative abundance of species occurred. The first interval, before 674 
~20.5 Ma (NP25-NN2), is characterized by the dominance of Cyclicargolithus floridanus. 675 
The second interval (between ~20.5 and ~18 Ma; NN2-NN3) is marked by higher abundance 676 
of D. antarcticus, D. hesslandii and R. minutula. The third interval, after 18 Ma (NN3-NN4), 677 
is defined by the emergence of R. pseudoumbilicus. 678 
 679 
 680 
Plate 1. Images in cross-polarized light (POL) and scanning electron microscope (SEM) of 681 
the three genera of the Noelaerhabdaceae during the late Oligocene-early Miocene. a) 682 
Reticulofenestra minutula, POL (1000x), Sample 608-39H3-127 and 588C-5R2-25. b-c) 683 
Reticulofenestra minuta, SEM, Sample 588C-2R6-100. d) Reticulofenestra pseudoumbilicus, 684 
29 
 
SEM, Sample 516F-10R1-122. e) Dictyococcites sp., POL (1000x), Sample 516-27H3-79. f) 685 
Dictyococcites antarcticus, POL (1000x), Sample 588C-4R5-33. g) Dictyococcites hesslandii, 686 
SEM, Sample 588C-11R1-111. h) Dictyococcites antarcticus, SEM, 516F-10R1-122. i) 687 
Dictyococcites sp., SEM, Sample 588C-11R1-111. j) Dictyococcites hesslandii (coccosphere), 688 
SEM, Sample 516-26H2-18. k-l) Cyclicargolithus floridanus, POL (1000x), Sample 516-689 
26H2-18 and 588C-2R6-100. m-n) Cyclicargolithus floridanus, SEM, Sample 588C-2R6-100 690 
and 516F-10R1-53. Scale bars: 1µm. 691 
 692 
Supplementary data 693 
Figure S1. Fluxes (coccoliths/m
2
/yr) of the Noelaerhabdaceae genera (Cyclicargolithus, 694 
Dictyococcites and Reticulofenestra) during the late Oligocene-early Miocene at the three 695 
studied sites. Data is plotted against depth in core (mbsf: meters below sea floor) and the 696 
nannofossil zonation of Martini (1971), calibrated to the timescale of Gradstein et al. (2012). 697 
LO: Late Oligocene. 698 
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